Abstract. We have found that CeCd 3 P 3 crystallizes into a hexagonal ScAl 3 C 3 -type structure.
Introduction
Frustrated spin systems have been attracting much attention for long term. Recent research trend is study of frustrated magnets, showing quantum critical behaviors such as spin liquids and non-Fermi liquids [1, 2] . In Ce compounds, a crystalline-electricfield (CEF) ground state of Ce trivalent ion possesses a rather large quantum-spinfluctuation, and pyrochlore Ce 2 Sn 2 O 7 and ScAl 3 C 3 -type Ce-compounds are quantum spin systems [3, 4, 5, 6] . Magnetic properties of Ce 2 Sn 2 O 7 are governed by a Kramers doublet, which can be regarded as effective S=1/2 spin. Ce 2 Sn 2 O 7 does not show long range magnetic ordering down to 0.02 K due to the geometrical frustration of Ce atoms associated with the pyrochlore structure, which suggests a quantum-spin-liquid behavior [3] .
Semiconducting [4, 7, 8 ] CeZn 3 P 3 and metallic [5] CeAl 3 C 3 are the typical member of hexagonal ScAl 3 C 3 -type [9] Ce-compounds, the crystal structure of which is shown in Fig. 1 . Ce atoms form the triangular lattice of the two-dimensional layer, sandwiching 
Materials and Methods
Polycrystalline CeCd 3 P 3 and LaCd 3 P 3 samples were synthesized by a solid-state reaction technique using Ce (or La) pieces (99.9%), Cd pieces (or powder) (99.9999% or (99.9%)) and red P powder (99.999%). We used CeCd 2 or LaCd 2 , prepared by direct reaction of the constituent elements in an evacuated quartz tube that was heated at 900
• C for 1 h, as the solid-state reaction precursor. Crushed CeCd 2 (LaCd 2 ), Cd powder and P with the molar ratio CeCd 2 (LaCd 2 ):Cd:P = 1:1:3 were homogeneously mixed together in a glove box. The pelletized sample was finally reacted in an evacuated quartz tube
Optical, transport and magnetic properties of new compound CeCd 3 P 3 Figure 3 . The lattice parameters of RCd 3 P 3 (R=La, Ce and Pr) are plotted against the trivalent ionic radius of rare-earth ion proposed by Shannon [15] . The lanthanide contraction holds fairly well. The lattice parameters of PrCd 3 P 3 are referred from [9] .
at 800
• C for 2 days. The samples were evaluated using a powder X-ray diffractometer with Cu-Kα radiation.
We checked the optical band gaps of CeCd 3 P 3 and LaCd 3 P 3 via their diffuse reflectance R d spectra, recorded using a UV-Vis spectrometer (Shimadzu, UV-3600).
The temperature dependence of electrical resistivity ρ(T) between 20 and 300 K was measured by the conventional DC four-probe method using a closed-cycle He gas cryostat. The temperature dependence of DC magnetization χ(T) from 0.48 K to 300 K under a magnetic field of 100 Oe was measured using a Quantum Design MPMS equipped with iHelium3 [12] .
The band calculation was performed by the linearized augmented plane wave (LAPW) method using the WIEN2K package [13] . The exchange-correlation potential was described using generalized gradient approximations with the Perdew-BurkeErnzerhof (PBE) functional. For the calculation, we used 1000 k-points (k:wave number) and a plane wave cut-off parameter, RK max , of 7.
Results and discussion
The X-ray diffraction (XRD) patterns of CeCd 3 P 3 and the La counterpart are shown in
Figs. 2(a) and 2(b), respectively. They were well indexed by the hexagonal space group P 6 3 /mmc (194) except for the peaks denoted by triangles. The lattice parameters were refined by the least square method as a=4.28251(62)Å and c=21.00239(230)Å for be completely removed by trying various synthesis conditions. In Fig. 3 , the lattice parameters of RCd 3 P 3 (R=La,Ce and Pr) are plotted as a function of ionic radius for a trivalent state [15] . The data points generally follow well the lanthanide contraction of the free trivalent R ions (shown as the straight lines in the Figure) .
The band gap E g can be extracted from the diffuse reflectance R d data by using the so-called Tauc plot [16] . First of all, the Kubelka-Munk function [17, 18] 
corresponding to the absorption coefficient, is calculated using the following equation,
Then
where h, ν, and A are the Planck constant, the frequency of the light, and a proportionality factor, respectively [16] . When (hνf (R d )) 1/m is plotted as a function of hν (Tauc plot), E g can be extracted from the horizontal intercept of tangential line along the linear portion of the Tauc plot. The value of m depends on the optical transition type. We used m=2, following the report on the indirect-gap isostructuralsemiconductor [19] SmZn 3 P 3 , and also the ab-initio band calculation results for LaCd 3 P 3 .
Figures 4(a) and 4(b) show the spectra of (hνf (R d )) 1/2 of CeCd 3 P 3 and the La Figure 4 . Spectra of (hνf (R d )) 1/2 of (a) CeCd 3 P 3 and (b) LaCd 3 P 3 .
counterpart, respectively. The spectra suggest that both compounds are semiconductor.
As shown in the Figures, E g of 0.75 (0.73) eV was determined using the tangential line for CeCd 3 P 3 (LaCd 3 P 3 ). For each compound, the spectral weight at lower energies deviating upward from the solid line indicates the existence of impurity states in the energy gap. Fig. 5 shows the total density of states (DOS) profile of LaCd 3 P 3 with the Fermi energy (E F ) located at 0 eV. The projected DOS profiles for the La, Cd and P atoms are also given. The DOS was calculated by employing the lattice parameters obtained from the XRD data. The atomic coordinates were those of PrCd 3 P 3 [9] .We note here that the atomic coordinates of LaCd 3 P 3 obtained from a preliminary Rietveld analysis are almost identical to those of PrCd 3 P 3 . E g was estimated to be 0.75 eV, which agrees well with the experimentally determined value from the R d spectrum. The valence and conduction bands are primarily composed of orbitals with covalent bond characteristics between the Cd and P atoms and the La 5d orbital, respectively.
The temperature dependence of electrical resistivity ρ(T) of CeCd 3 P 3 and the La counterpart show semiconducting behaviors, and the Arrhenius plots of ρ(T) are presented in Fig. 6 . The activation energy E ac was estimated on the high-temperature side using the relation ln ρ ∝ E ac /2T (see the lines in Fig. 6 ). E ac was determined to be about 81 meV (140 meV) for CeCd 3 P 3 (LaCd 3 P 3 ), which is smaller than the fundamental band gap E g . The difference is presumably due to the existence of impurity states in the fundamental band gap. The semiconducting ScAl 3 C 3 -type Ce-compounds represented by CeZn 3 P 3 are superior platforms for photoinduced Kondo effect [8] , which would require a band gap closing under illumination. Thus, lower ρ with a smaller E g would be advantageous for the observation of photoinduced Kondo effect. However E g (∼ 0.75 eV) of CeCd 3 P 3 is larger than that (∼ 0.4 eV [7, 8] ) of CeZn 3 P 3 and consequently ρ(T) of CeCd 3 P 3 tends to be higher. Therefore we speculate that CeCd 3 P 3 is not a good candidate showing the photoinduced Kondo effect. The replacement of Zn atom with Cd one leads to the expansion of lattice parameters (a=4.28251(62)Å, c=21.00239(230)Å for CeCd 3 P 3 and a=4.051Å, c=20.019Å for CeZn 3 P 3 [8] ). Therefore, as expected in the introduction, magnetic ordering temperature of 0.75 K in CeZn 3 P 3 is possibly reduced below 0.48 K in CeCd 3 P 3 .
Taking into account that several f -electron compounds with the ScAl 3 C 3 -type structure The inset shows the low-temperature χ of the sample.
are quantum spin systems [5, 6] , we may propose that CeCd 3 P 3 is a candidate of quantum spin liquid. Further experiments at lower temperature are necessary to confirm the proposal. The rather large negative Θ-value may be the signature of quantum spin frustration [1] . However in rare-earth compounds, the CEF effect plays a major role for determining Θ-value. No observation of broad maximum in χ(T) means that a dimerization of 4f spins like in metallic CeAl 3 C 3 does not occur, which might be common characteristic in semiconducting ScAl 3 C 3 -type Ce-compounds.
As shown in Fig. 8 , the magnetization M at 0.48 K shows a paramagnetic behavior up to 1 T, which supports the extrinsic nature of kink of χ(T) at approximately 1.5 K.
The point symmetry of Ce site is trigonal D 3d . The CEF Hamiltonian [20, 21] can be 
where B m n andÔ m n are the CEF parameters and Stevens' operator equivalents, respectively. Under the trigonal CEF, the 6-fold degeneracy of the J = 5/2 multiplet of Ce 3+ ions splits into three doublets:
The M value calculated for the isolated ± can reduce the M-value. Therefore states. The similar CEF ground states under the D 3d point symmetry would lead to the common magnetic properties. Therefore it should be noted that the point symmetry D 3d might play a crucial role to realize a quantum spin liquid.
Conclusions
We have found the semiconductor CeCd 3 P 3 crystallizing into the hexagonal ScAl 3 C 3 -type structure, possessing geometrically frustrated Ce-triangular lattice. The physical properties were investigated by measuring R d , ρ and χ. 
